T he surgical clipping of an unruptured intracranial aneurysm (UIA) is a technically challenging and potentially morbidity-producing procedure. 21 Greater institutional experience in the surgical treatment of UIAs has been correlated to improved functional outcome after intervention, 4, 8, 15 arguing for the centralization of care at specialized centers. The effect of institutional case volume on the incidence of reportable complications during and after the clipping of UIAs, however, has not been as well defined, and thus the mechanism by which greater procedural volume translates into improved care is not clear. Herein, we investigated the relationship between ABBREVIATIONS APR-DRG = all patient refined diagnosis-related group; CART = classification and regression tree; CDB/RM = Clinical Database/Resource Manager; CHF = congestive heart failure; COPD = chronic obstructive pulmonary disease; DC-SOI = discharge severity of illness; DM = diabetes mellitus; ICD-9 = International Classification of Diseases, Ninth Revision; ICH = intracerebral hemorrhage; LOS = length of stay; PAD = peripheral arterial disease; UIA = unruptured intracranial aneurysm. METHODS Using information on the outcomes of inpatient admissions for surgical clipping of UIAs collected within a national database, the relationship of institutional case volume to the incidence of different types of complications after clipping was investigated. Complications were subdivided into different categories, which included all complications, ischemic stroke, intracerebral hemorrhage, medical complications, infectious complications, complications related to anesthesia, and wound complications. The relationship of case volume to different types of complications was assessed using linear regression analysis. The relationships between case volume and overall complication and stroke rates were fit with both linear and quadratic equations. The numerical cutoff for institutional case volume above and below which the authors found the greatest differences in mean overall complication and stroke rate was determined using classification and regression tree (CART) analysis. RESULTS Between October 2012 and September 2015, 125 health care institutions reported patient outcomes from a total of 6040 cases of clipping of UIAs. On linear regression analysis, increasing case volume was negatively correlated to both overall complications (r 2 = 0.046, p = 0.0234) and stroke (r 2 = 0.029, p = 0.0557) rate, although the relationship of case volume to the complication (r 2 = 0.092) and stroke (r 2 = 0.067) rate was better fit with a quadratic equation. On CART analysis, the cutoff for the case number that yielded the greatest difference in overall complications and stroke rate between higher-or lower-volume centers was 6 cases/year and 3 cases/year, respectively. CONCLUSIONS Although the authors confirm that increasing case volume is associated with reduced complications after clipping of UIAs, their results suggest that the relationship between case volume and complications is not necessarily linear. Moreover, these results indicate that the effect of case volume on outcome is most evident between very-lowvolume centers relative to centers with a medium-to-high volume.
institutional case volume and the incidence of specific complications after the surgical clipping of UIAs between 2012 and 2015, using information from a national database of hospital-reported outcomes.
Methods

Database
The Vizient Clinical Database/Resource Manager (CDB/RM) contains information on inpatient admissions and discharges occurring during the period spanning from October 2012 to the present day from 270 affiliated institutions across the country. Outcomes of inpatient admissions, as well as patient demographics and comorbidities, are self-reported by affiliated institutions to the CDB/RM on a quarterly basis. Patients within the CDB/RM who underwent surgical clipping of a UIA were identified using the International Classification of Diseases, Ninth Revision (ICD-9) diagnosis code 437.3 for UIA and procedural code 39.51 for surgical clipping. The number of cases per institution was then determined. Available information on patient outcomes for each institution included mean observed and expected total length of stay (LOS), mean observed and expected deaths, and number of cases in which patients experienced ≥ 1 complications. The LOS and mortality indices, defined as the ratio of observed to expected values, were also available for each case. Indices > 1 denote a greater than expected LOS or mortality rate. Expected LOS and mortality rate are calculated using validated risk prediction models that are formulated using linear and logistic regression models, respectively, that adjust for patient demographic characteristics and comorbidities at the time of hospital admission. 10, [12] [13] [14] 
Complications
Complications are defined by the CDB/RM as any one of the reportable complications delineated by Vizient, the Agency for Healthcare Research and Quality, and Centers for Medicare and Medicaid Services. Complications recorded by CDB/RM that were included for analysis consisted of adverse events due to anesthesia; air embolism; aspiration pneumonia; catheter-associated urinary tract infection; central venous catheter-associated bloodstream infection; gastrointestinal hemorrhage; hospital-acquired acute myocardial infarction; hospital-acquired Clostridium difficile colitis; iatrogenic pneumothorax; infection/ inflammation due to internal device, implant, or graft; inhospital stroke; manifestations of poor glycemic control; perioperative pulmonary embolus or deep venous thrombosis; perioperative superficial hemorrhage or hematoma; postoperative infection; postoperative metabolic derangement; postoperative respiratory failure; postoperative sepsis; postoperative shock; postoperative wound dehiscence; and transfusion reaction. In addition, we searched for patients who experienced an in-hospital intracerebral hemorrhage (ICH) by using the ICD-9 code 431.
Complications were then subdivided into different categories. The incidences of in-hospital stroke and ICH were determined separately. Other complications were sorted into categories that included anesthetic complications (adverse events related to anesthesia, air embolism, iatrogenic pneumothorax, and transfusion reaction); infectious complications (aspiration pneumonia, catheter-associated urinary tract infection, central venous catheter-associated bloodstream infection, hospital-acquired C. difficile colitis, postoperative infection, and postoperative sepsis); noninfectious medical complications (gastrointestinal hemorrhage, hospital-acquired acute myocardial infarction, manifestations of poor glycemic control, perioperative pulmonary embolus or deep venous thrombosis, postoperative metabolic derangement, postoperative respiratory failure, and postoperative shock); and complications related to the surgical wound (infection or inflammation due to internal device, implant, or graft; perioperative superficial hemorrhage or hematoma; and postoperative wound dehiscence). The rate of different complications was determined and defined as the ratio of the total number of cases experiencing a particular complication to the total number of cases at a particular institution.
Patient Comorbidities and Outcomes
Information on the age and comorbidity status of patients treated at a given institution was also obtained. For a comorbidity to be included in the univariate analysis, at least half of the institutions reporting outcomes for clipping of UIAs had to have at least 1 patient with that particular comorbidity. Comorbidities meeting the criteria for inclusion consisted of cardiac valve disease, congestive heart failure (CHF), chronic obstructive pulmonary disease (COPD), diabetes mellitus (DM), hypertension, liver disease, obesity, peripheral arterial disease (PAD), and renal failure.
Patient outcomes were determined according to the all patient refined diagnosis-related group (APR-DRG) categories of discharge severity of illness (DC-SOI). The APR-DRG classification is a validated system that defines SOI as mild, moderate, major, or extreme according to the number and severity of a patient's comorbidities and complications sustained during the inpatient stay. Information on the number of cases per institution discharged with a major or extreme DC-SOI was obtained. In addition, because patient comorbidities present on admission may influence DC-SOI, the number of cases meeting criteria for major or extreme SOI on admission was also determined. The number of cases with major or extreme admission SOI was subtracted from the number of cases with major or extreme DC-SOI, to obtain the number of cases with "new" major or extreme SOI incurred during admission. The rate of "new" major or extreme DC-SOI was then determined by dividing the number of cases with major or extreme DC-SOI by the total number of cases. We also determined the number of patients discharged to home after their inpatient admission, and subsequently calculated the rate of discharge to home for each individual institution.
Statistical Analysis
Descriptive statistics for continuous variables are reported as a mean (SD) and median (range), while categorical variables are reported as a frequency and percentage. The relationship between institutional case volume and complication rates was evaluated using linear regression analysis, with case volume as the independent variable. The relationship between case volume and overall complication and stroke rate was fit with both linear (y = a + bx) and quadratic (y = a + bx + cx 2 ) equations, with x and y equal to case volume and complication or stroke rate, respectively. The goodness of fit was described as an r 2 value for both linear and quadratic equations. The relationship between institutional case volume and complication and stroke rate was further investigated using classification and regression tree (CART) analysis. For a continuous independent variable (case volume), CART determines the value above and below which there is maximum separation in the mean values of the dependent variable (overall complication or stroke rate). This partitioning process was performed sequentially to determine 3 separate cutoff values that were used to separate reporting institutions into 4 discrete groups on the basis of case volume. Cutoff values were determined separately for overall complication and stroke rate. To evaluate for statistical differences in complication and stroke rate between groups, the mean complication and stroke rates of each group were compared using the Tukey-Kramer all pairs test. The CART analysis was also used to determine the institutional case number above and below which the greatest difference in rate of discharge to home was observed. Statistical differences in rate of discharge to home between groups were determined using the unpaired Student t-test.
The relationship between patient demographic characteristics and comorbidities to patient outcomes was also evaluated using linear regression analysis. Results were described as an r 2 value and a p value. Predictors of overall complication rate, stroke rate, and rate of major or extreme DC-SOI were then determined using multivariate linear regression analysis. Comorbidities were included in multivariate models if they were significantly associated with the dependent variable on univariate linear regression analysis. Results were again described as r 2 value and p value. All statistical tests were 2-sided, with an alpha level set at 0.05 for statistical significance. All analyses were performed using JMP statistical software (SAS Institute, Inc., 2012)
Results
There were 125 institutions that reported the outcomes of at least 1 inpatient admission for the surgical clipping of a UIA, totaling 6040 cases between October 2012 and September 2015. Summary statistics of reported outcomes from these cases are detailed in Table 1 . The average number of cases per year treated at an institution between 2012 and 2015 was 16.1 (SD 16.5, range 0.3-82.3). The mean total LOS across reporting institutions was 6.1 days. The mean LOS index, defined as the ratio of observed to expected stay, was 1.1. The absolute mortality rate was 0.6% (n = 39/6040), whereas the mean institutional mortality rate was 0.9%. The mean mortality index, defined as the ratio of observed to expected mortality, was 1.0. Of all patients, 14.7% (n = 890/6040) were classified as having new major or extreme DC-SOI on discharge from the hospital. The mean rate of major or extreme DC-SOI was 16.0% across institutions. The overall rate of discharge to home was 71.5% (n = 4318/6040), with a mean institutional rate of 68.4% (Table 1) .
Of all reported cases, 11.8% (n = 715/6040) of patients experienced at least 1 complication, whereas on average, individual institutions reported a complication rate of 14.4%-i.e., on average 14.4% of patients at a given institution experienced at least 1 complication. The most frequently reported complication was an in-hospital ischemic stroke, which complicated 8.9% (540/6040) of cases, indicating that strokes occurred in 75.5% of all cases in which a complication was reported (n = 540/715). The average stroke rate across institutions was found to be 10.6%. The next most frequently reported complication was a medical complication, which occurred in 3.9% (234/6040) of all cases, with an average rate 5.0% across reporting institutions. In descending order of frequency, additional complications included ICH, infectious complications, wound complications, and complications related to anesthesia ( Table 2) . The relationship of institutional case volume to the incidence of various complications was then investigated using linear regression analysis. Case volume was most robustly correlated with overall complication (r 2 = 0.041, p = 0.0234; Fig. 1A ) and stroke (r 2 = 0.030, p = 0.0557; Fig. 1B) rates, although the latter did not reach statistical significance. The full results of the linear regression analyses are shown in Table 3 . To further quantify the effect of case volume on both complication and stroke rate, their respective relationships were fit by a quadratic equation. A quadratic equation provided an improved fit for both complication (r 2 = 0.092; Fig. 1C ) and stroke (r 2 = 0.067; Fig. 1D ) rates, suggesting a nonlinear relationship between case volume and these variables.
The relationship between institutional case volume and both overall complication and stroke rate was further investigated using CART analysis. Maximal differences in complication and stroke rate were seen when institutions were divided according to case volume ≥ 18 (< 18 = 20.2% vs ≥ 18 = 11.6%; Fig. 2 ) and ≥ 9 (< 9 = 16.2% vs ≥ 9 = 9.4%; Fig. 3 ), respectively (case volumes are given as total cases per the entire study interval). Institutions were further segregated by case number, with cutoffs determined by additional CART analysis. For overall complication rate, groups were defined by a case number of < 18 (Group 1), ≥ 18 to < 74 (Group 2), ≥ 74 to < 169 (Group 3), and ≥ 169 (Group 4; Fig. 2 ). For stroke rate, groups were defined by a case number of < 9 (Group A), ≥ 9 to < 30 (Group B), ≥ 30 to < 91 (Group C), and ≥ 91 (Group D; Fig. 3 ). The mean overall complication rates were 20.2%, 12.3%, 9.0%, and 14.1% for Groups 1, 2, 3, and 4, respectively. The mean strokes rates were 16.2%, 11.0%, 9.0%, and 7.5% for groups A, B, C, and D, respectively. Statistically significant differences in overall complication rate were found between Groups 1 and 2 (p = 0.0069) and Groups 1 and 3 (p = 0.0040), and significant differences in stroke rate were found between Groups A and C (p = 0.0141) and Groups A and D (p = 0.0137; Table 4 ).
Case volume was also correlated to other patient outcomes by using linear regression analysis. Case volume was found to be negatively correlated to LOS index (r 2 = 0.063, p = 0.0048), but was not found to correlate with mortality index (r 2 < 0.001, p = 0.8793) or major or extreme DC-SOI (r 2 = 0.002, p = 0.5869; Table 5 ). We did observe a slight correlation between case volume and rate of discharge to home (r 2 = 0.024, p = 0.0872), although this relationship was not statistically significant. To further investigate the relationship of case volume to rate of discharge to home we performed an additional CART analysis. We found the greatest difference in rate of discharge to home between institutions with < 82 cases and ≥ 82 cases (66.4% vs 77.0%; p = 0.0186; Table 4 ). Complication rate was found to be strongly correlated with LOS index (r 2 = 0.227, p < 0.001) and DC-SOI (r 2 = 0.151, p < 0.001); however, it was not found to correlate with mortality index (r 2 = 0.010, p = 0.2634). Similarly, stroke rate was also found to be correlated with LOS index (r 2 = 0.087, p = 0.0008) and DC-SOI (r 2 = 0.080, p = 0.0014); however, it was also not correlated to mortality index (r 2 = 0.005, p = 0.4392; Table 5 ).
Information on the frequency of patient age > 70 years as well as frequency of various comorbidities among patients surgically treated for UIAs was obtained. Summary statistics on the observed frequencies of patient age and comorbidities are shown in Table 6 . The effect of the frequency of these comorbidities on the incidence of overall complications and ischemic strokes was evaluated using linear regression analysis. The overall frequency of patients > 70 years of age was found to be positively correlated to the incidence of overall complications (r 2 = 0.084, p = 0.0011) and DC-SOI (r 2 = 0.033, p = 0.0439), but not to the incidence of perioperative strokes (r 2 = 0.001, p = 0.6943). The frequency of patients > 70 years was negatively correlated to the rate of discharge to home (r 2 = 0.084, p = 0.0011). The frequency of CHF was found to be positively correlated to both the incidence of overall complications (r 2 = 0.037, p = 0.0318) and perioperative strokes (r 2 = 0.082, p = 0.0012). The frequencies of obesity (r 2 = 0.094, p = 0.0005), history of hypertension (r 2 = 0.032, p = 0.0461), and history of DM (r 2 = 0.044, p = 0.0192) were found to be positively correlated to the incidence of strokes. The frequencies of hypertension (r 2 = 0.039, p = 0.0270), diabetes (r 2 = 0.075, p = 0.0020), renal failure (r 2 = 0.058, p = 0.0067), and liver disease (r 2 = 0.124, p < 0.0001) were found to correlate with the rate of major or severe DC-SOI. The frequency of PAD was found to be negatively correlated with the rate of discharge to home (r 2 = 0.038, p = 0.0292). The complete results of the univariate linear regression analyses are shown in Table 5 .
Finally, predictors of complication rate, stroke rate, rate of major or extreme DC-SOI, and rate of discharge to home were evaluated using multivariate linear regression analysis (Table 7) . Variables significantly associated with the dependent variable of interest on univariate analysis were included in the respective multivariate models. For rates of complications, strokes, and discharge to home, case volume was considered as a categorical variable defined as case number above or below the cutoff value determined by CART analysis (Table 4) . Adjusting for institutional case volume ≥ 18, proportion of patients > 70 years, and the rate of CHF yielded a model that was predictive for complication rate with an r 2 value of 0.215. Adjusting for institutional case volume ≥ 9, rate of patients with obesity, hypertension, DM, and CHF yielded a 
FIG. 2. Flow chart showing the CART analysis of relationship of case volume to complication rate. Numerical cutoffs for case vol-
ume that yielded maximal differences in complication rate were determined sequentially. Numbers 1-4 indicate the group number into which institutions were segregated (N values represent the number of institutions, not the number of cases).
FIG. 3. Flow chart
showing the CART analysis of relationship of case volume to stroke rate. Numerical cutoffs for case volume that yielded maximal differences in stroke rate were determined sequentially. Letters A-D indicate the group letter into which institutions were segregated.
model that was predictive for stroke rate with an r 2 value of 0.264. Adjusting for overall complication rate, stroke rate, proportion of patients > 70 years, rate of hypertension, DM, renal failure, and liver disease yielded a model that was predictive for major or extreme DC-SOI with an r 2 value of 0.335. Finally, adjusting for institutional case volume ≥ 82, complication rate, proportion of patients > 70 years, and rate of PAD yielded a model that was predictive of discharge to home with an r 2 value of 0.185 (Table 7) .
Discussion
A number of studies have described an association between higher institutional case volume and improved patient outcomes after surgical clipping of UIAs. 4, 8, 15 In the present study, we attempted to provide an explanation for the effect of case volume by analyzing the relationship between volume and the incidence of complications after surgical clipping. Complications were separated into 5 subtypes to study the effect of volume on each individual category. Although we observed an inverse relationship between case volume and overall complication and stroke rates, our results suggest that this relationship is not linear, and that the effect of institutional experience may be most pronounced between very-low-volume and medium-to high-volume centers.
Previous studies examining the effect of caseload on outcomes after clipping of UIAs have assumed a linear relationship between volume and improved patient outcomes. 4, 8, 15 Whereas we observed an inverse linear relationship between case volume and complication rate, the relationship between volume to both overall complication and stroke rates was better fit with a quadratic equation. The shape of the curve suggests a relatively steep decline in complication rate as institutional case volume approached 25 cases over the study period (8.3 cases/year), followed by a leveling off of both complication and stroke rates as case number continued to increase (Fig. 1C and  D) . Interestingly, the results of the CART analysis suggest that the differences in overall complication and stroke HTN = hypertension; -= not computed because the value was either not applicable or not relevant; the LOS and mortality indexes were already adjusted for patient age and comorbidities. The plus and minus signs denote positive and negative correlations, respectively. Boldface type indicates statistical significance: *p < 0.05, **p < 0.01, and ***p < 0.001.
rates were greatest between institutions performing ≥ 18 and ≥ 9 cases (6 and 3 cases per year), respectively. While surprisingly low, these findings argue against the surgical treatment of UIAs at very-low-volume centers, particularly as clipping of a UIA is most often an elective procedure.
In general, we also observed a decrease in complication rates, particularly that of ischemic strokes (Table 4) , with increasing case volume, although differences between medium-and high-volume centers did not reach statistical significance. However, the cutoff value was 82 for case volume above and below which was observed the greatest difference in rate of discharge to home, suggesting that treatment at high-volume centers may still provide a benefit over medium-and low-volume institutions. Further work will be needed to quantify the potential benefit of treatment at very-high-volume centers.
The specific complication on which institutional case volume had the greatest effect was in-hospital ischemic events. This complication was also the most frequent complication observed; 75.5% (540/715) of cases in which patients experienced at least 1 complication were cases with a perioperative ischemic event. We observed an absolute rate of ischemic events of 8.9%, with a mean rate of 10.6% across reporting institutions. Whereas smaller institutional case series of UIA clipping have reported major complication rates ranging from 1.2% to 2.5%, 11, 16, 18, 19 studies of national registry data examining the surgical outcomes of several thousand patients have reported perioperative stroke rates of 5.3% to 7.8%, 2, 3 suggesting that our results are similar to those of previously published large-scale studies. In addition, given the results of our study, the discordance in observed rates of perioperative ischemic events between small and large studies may be due in part to a higher number of strokes occurring at institutions performing a smaller number of procedures.
We observed an absolute mortality rate of 0.6% after surgical clipping. The reported risk of death has been highly variable across previously published data, with figures ranging from 0.1% to 6.3%. [1] [2] [3] 6, 7, [16] [17] [18] [19] 21, 22 We observed no association between case volume and mortality index in our study. This result was not unexpected, however; neither complication nor stroke rate correlated with the mortality rate, suggesting that the majority of complications incurred during or after surgical clipping were nonfatal. Both complication and stroke rate were robustly correlated, however, with major or extreme DC-SOI, suggesting that the morbidity incurred from surgical clipping was nonetheless clinically significant.
Institutional case volume was also negatively correlated to adjusted LOS. The LOS has been shown to be a major driver of total hospital costs after clipping of a UIA, suggesting that treatment at higher-volume centers may also be more cost-effective. 9 Moreover, the complication rate was also correlated to LOS, indicating that the effect of case volume on LOS may be secondary to a reduced incidence of complications.
Patient comorbidities that have been most often cited as conferring an increased risk of complications after clipping of a UIA include old age, a history of hypertension, and a history of ischemic events. 2, 3, 5, 16 Although due to limitations of the ICD-9 coding system we were unable to isolate patients with a history of strokes, we were able to determine the frequency per institution of patients > 70 years of age and with a history of hypertension, as well as the frequency of patients with a number of other comorbidities. In accordance with previous results, age > 70 years was strongly correlated to the rate of complications, while the rate of patients with hypertension was associated with the rate of ischemic events on univariate analysis. On multivariate analysis, the rate of obesity and CHF were strongly correlated with the risk of stroke. These results argue for the careful selection of patients for surgery if the risk of ischemic events is to be minimized.
The limitations of this study are typical of those in which the national database is used. First, the lack of information in the database on aneurysmal characteristics such as location or size is a major limitation. Both aneurysm location and size have been shown to influence functional outcome after the surgical treatment of UIAs, 8, 20 and thus our results should be interpreted with caution. Relatedly, we were unable to account for referral bias-in this case the possibility that patients with more complex UIAs were referred to higher-volume centers-in our analysis. The lack of adjustment for surgical difficulty may have decreased the complication rates of low-volume centers and increased those of high-volume centers, which could have dampened the observed negative correlation between case volume and complication rate.
We also lacked information on the number of surgeons per institution. The case volume of individual surgeons has been shown to influence patient outcomes after clipping of a UIA. 8 Moreover, the presence of multiple surgeons would have significant effects on individual case volume, particularly at low-volume centers, which may have skewed our results. It is also likely that at higher-volume centers a greater proportion of an individual surgeon's caseload consists of surgical clipping. The effect of surgical specialization was not accounted for and warrants further study. Patient outcomes were determined on the basis of billing information, the recording of which is susceptible to clerical errors. In addition, because outcomes were self-reported and not subject to mandatory reporting policies, there is a possibility that the number of reported cases does not truly reflect the number of cases that occurred at each institution during the study period. Although there is no reason to suspect that patient outcomes were selectively reported, there is the possibility that selection bias affected our results. Finally, high-volume institutions constituted a relative minority among reporting institutions. The small number of such institutions may have prevented a truly accurate representation of the average complication rate among high-volume centers, which may have affected our analysis of the relationship between case volume and complication rate.
Conclusions
In the present study, we provide evidence that the relationship between institutional case volume and the rate of complications incurred during surgical treatment of UIAs is nonlinear. In addition, the effect of institutional experience appears most evident when comparing outcomes between very-low-volume and medium-to high-volume centers, arguing against treatment at centers with minimal volume. 
